ABSTRACT: We characterized 3 halophilic Bacillus strains isolated from Tunisian hypersaline environments. Sequencing analyses showed that these bacteria corresponded to the genus Bacillus sp. Antagonism assay revealed that these strains have an inhibitory effect against tested pathogenic bacteria. Qualitative analysis of biofilm revealed that Bacillus strains were unable to produce slime. Furthermore, the investigated strains were fairly adhesive to polystyrene with values ranging from 0.10 to 0.32 at 595 nm. Cell surface hydrophobicity values ranged between 10 and 42%. Pathogenicity and toxicity assays demonstrated that the tested strains were not pathogenic or toxic to the host. Challenge tests performed with Artemia larvae provided evidence that the tested Bacillus strains enhance the protection of Artemia culture against pathogens. These strains are probiotic candidates for Artemia culture.
INTRODUCTION
Infections caused by the Vibrionaceae family are an important problem in hatchery environments (Diggles et al. 2000) and a significant constraint to the development of aquaculture (Subasinghe et al. 2001) . Infection occurs primarily through the food chain, particularly when Artemia are the food source (Muroga et al. 1987) .
Different methods of controlling the microbial environment are being investigated. One of the methods gaining recognition is the use of probiotic bacteria (Gatesoupe 1999 , Verschuere et al. 2000 , Irianto & Austin 2002a . To date the screening of probiotics has been pragmatic, and they are often assessed only on their ability to produce anti-microbial metabolites and reduce the risk of intestinal diseases and eliminate specific microbial disorders (Gaggìa et al. 2010) .
Probiotics may protect their host from pathogens by producing metabolites which inhibit the colonization or growth of other microorganisms or by competing with them for resources such as nutrients or space (Balcázar & Luna-Rojas 2007) . The efficacy of a probiotic application depends on many factors (Gomez-Gil et al. 2000) such as application level, frequency of application and environmental conditions. In their study of trout probiotics, Irianto & Austin (2002a) selected 4 of 11 bacteria which were deemed harmless to the fish following intra-peritoneal or intra-muscular injections. Zhou et al. (2009) reported that probiotic Bacillus coagulans SC 8168, supplemented as a water additive at a certain concentration, could significantly increase survival rate and some digestive enzyme activities in shrimp larvae. Mahdhi et al. (2010b) demonstrated that Pseudomonas stutzeri, Candida utilis and Bacillus sp. improve the conditions of Artemia culture and enhance protection against pathogenic bacteria. When these bacteria were administered as probiotics to the shrimp Penaeus monodon, growth and survival were improved and immunity was enhanced (Deng-Yu et al. 2009) .
Various bacteria are able to produce extracellular polysaccharide, termed slime, which can reduce antibiotic susceptibility. These considerations explain the need for diagnostic methods which identify virulent bacteria strains by detecting their ability to produce slime (Christensen et al. 1982 ). Adhesive ability is considered an important selection criterion for probiotic bacteria, and also a prerequisite, because it offers beneficial microorganisms the capacity to colonize the intestinal tract and compete with micro-organisms (Mahdhi et al. 2010a,b) . This property is determined by microbial cell surface hydrophobicity, recognized as one of the determining factors in microbial adhesion (Balebona et al. 1995) . Various other factors may influence the processes of adhesion and colonization, reflecting properties related to the bacteria, to the epithelial cell surface, and to exogenous factors in the microenvironment in which the process occurs.
The aim of this study was to find more effective and environmentally-friendly probiotic strains, and obtain insight into their mode of action. This was achieved through the investigation of the probiotic properties of halophilic Bacillus strains and of their role in the protection of Artemia culture against pathogens.
MATERIALS AND METHODS

Isolation and identification of bacterial strains
Isolation and screening by plate method Bacterial strains (n = 20) were isolated from Artemia salina cultures obtained from different Tunisian hypersaline environments (Sebkha El Maleh: 33°32' N, 10°92' E; Saltworks of Sfax: 34°72' N, 10°73' E, and 34°68' N, 10°62' E). Water samples were collected and brought to the laboratory aseptically in an insulated container at 4°C. The samples were serially diluted, plated on nutrient marine agar 2216 (Difco) and incubated at room temperature for 24 to 48 h. The colonies from nutrient marine agar were replica plated on the Muller Hinton (MH) agar medium (Difco), swabbed against target bacterial strains and incubated at room temperature for 24 h. Kahla-Nakbi et al. 2006) were maintained separately in pure cultures (Hjelm et al. 2004) .
Three strains that demonstrated an inhibitory effect against pathogens were retained and preserved at the laboratory and their purity routinely checked during the investigation. Stock cultures were frozen at -80°C with 20% (v/v) glycerol.
DNA extraction, PCR and sequencing Total DNA was extracted from each strain according to the scheme described by Sambrook et al. (1989) and stored at −20°C. The 2 primers were B-K1/F (5'-TCA CCA AGG CRA CGA TGC G-3') and B-K1/R1 (5'-CGT ATT CAC CGC GGC ATG-3') (Wu et al. 2006) . Amplification was carried out using a reaction volume of 50 µl: 2 µl DNA, 0.2 mM of each dATP, dGTP, dCTP and dDTP, 1× buffer solution, 1.5 mM MgCl 2 , 1.0 µM of each primer (B-K1/F and B-K1/R1) and 1.0 unit of Taq DNA polymerase (Promega). The PCR program was conducted using a denaturation step of 3 min at 94°C, followed by 25 cycles of 94°C for 30 s, 63°C for 30 s and 72°C for 2 min, with an extension step at 72°C for 10 min. PCR products were separated by 1.5% agarose gel electrophoresis. The sizes of DNA fragments were estimated using a 100 bp DNA ladder (Promega). PCR products were purified using ExoSAP-IT (USB Corporation) according to manufacturer instructions and then sequenced in 2 directions using dideoxy terminator cycle sequencing (Applied Biosystems 3730). Sequences were automatically aligned using Sequencher 4.1. (GeneCodes) and variable sites were checked visually for accuracy.
Well diffusion agar assay (WDAA)
Selected potential probiotic strains were tested for their antagonistic activity using the well diffusion agar assay (WDAA) against target strains used in the primary screening by the replica plate method. The pathogenic bacteria were grown in 10 ml of nutrient broth and cultured for 24 h on nutrient agar at 30°C. The common colonies from pure culture were suspended in 10 ml of physiological medium, mixed well for 5 min, and 1 ml was spread over the agar plates. Potential probiotic strains were cultured in 10 ml nutrient broth for 24 h, 100 µl of the supernatant was introduced into the wells of the MH agar medium, and these were then incubated for 24 h at 30°C. Antibacterial activity was defined as the diameter (mm) of the clear inhibitory zone formed around the well (Vaseeharan & Ramasamy 2003) .
Detection of slime production strain
The ability of Bacillus strains to produce slime was tested according to the protocol described by Freeman et al. (1989) . All tested bacteria were cultured on Congo red agar plates prepared by adding 0.8 g of Congo red (Sigma) and 36 g of saccharose (Labosi) to 1 l of brain heart infusion agar (Bio-Rad). The Congo red stain was prepared as a concentrated aqueous solution and autoclaved separately at 121°C for 15 min and was added when the agar had cooled to 55°C. Plates were incubated at room temperature (37°C) for 24 h under aerobic conditions and subsequently overnight at room temperature. After incubation, pigmented colonies (generally black in color) were considered as slime-positive strains, whereas unpigmented bacteria (pinkish red, smooth colonies with a darkening at the centre) were interpreted as slime-negative (Sechi et al. 2002) .
Adherence to polystyrene surface
The ability of Bacillus strains to form a biofilm on an abiotic surface was determined using a semiquantitative adherence assay on 96-well tissue culture plates (Nunc), as described previously (Mahdhi et al. 2010a,b) . An overnight culture grown in Trypticase Soy Broth (TSB, Bio-Rad) at 37°C was diluted to 1:100 in TSB with 2% (w/v) glucose. A total of 200 µl of these cell suspensions was transferred to a U-bottomed 96-well microtiter plate (Nunc). Each strain was tested in triplicate. The plates were incubated aerobically at 37°C for 24 h. The cultures were removed and the microtiter wells were washed twice with phosphate-buffered saline (PBS) (7 mM Na 2 HPO 4 , 3 mM NaH 2 PO 4 and 130 mM NaCl at pH 7.4) to remove non-adherent cells and were dried in an inverted position. Adherent bacteria were fixed with 95% ethanol and stained with 100 µl of 1% crystal violet (Merck) for 5 min. The excess stain was rinsed off and the wells were washed 3 times with sterile distilled water. The water was then cleared and the microplates were air-dried. The optical density of each well was measured at 595 nm (OD 595 ) using an automated Multiskan reader (GIO. DE VITA E C). Adhesion ability was interpreted as strong (OD 595 ≥ 1), fair (0.1 ≤ OD 595 < 1) or slight (OD 595 < 0.1) (Knobloch et al. 2001) .
Cell surface hydrophobicity analysis
The hydro phobicity of Bacillus strains was evaluated by the microbial adhesion to solvent (MATS) test, which evaluates the affinity of the cells towards apolar solvents (hexadecane), as described by Bellon-Fontaine et al. (1996) . Bacterial cells were harvested by centrifugation at 7000 × g for 5 min and resuspended in a buffered salt solution (pH 7.0) containing Na 2 HPO 4 and NaH 2 PO 4 (0.2 mol l 
Pathogenicity/toxicity towards Artemia
Preparation of probiotic bacteria
Potential probiotic strains were cultured in 30 ml of nutrient broth for 24 h at 37°C. The broth was then transferred to a sterile 45 ml centrifuge tube and centrifuged at 2000 × g for 10 min. The supernatant was poured into a sterile flask and kept at 4°C, while the bacterial pellet was resuspended in sterile seawater (Niall 2004) .
Artemia gnotobiotic culture
Experiments were performed with Artemia salina cysts collected from the Saltworks of Sfax (34°43' N, 10°44' E). Bacteria-free cysts and nauplii were obtained via decapsulation as described by Sorgeloos et al. (1986) . Decapsulated cysts were washed with filtered and autoclaved sea water (FASW) over a 50 µm net sterile filter. This procedure was repeated 9 times, using new FASW. After this step, washed decapsulated cysts were transferred to a sterile Falcon container with 30 ml of FASW. The capped containers were placed and exposed to the constant incandescent light of a shaker incubator (28°C, 120 rpm). After 18 to 20 h of incubation, Artemia culture containing newly hatched nauplii was obtained.
Pathogenicity/toxicity assay
From the Artemia culture, 100 µl volume containing 20 newly hatched nauplii was added to each well of a 96-well microtitre plate. 100 µl of either probiotic bacterial suspension or the supernatant from each probiont was added to the Artemia. The control for the bacterial suspension was sterile sea water (CSSW), while sterile marine broth was used as the control for the supernatant (CSMB). After incubating the plate at 25°C for 24 h, the number of dead Artemia in each well were counted. Then, 5 µl of concentrated formalin (100%) was added to each well to kill the live nauplii and the total number of Artemia per well were counted. All manipulations were carried out in triplicate under sterile conditions (Jann-Para et al. 2004 ).
Challenge tests with Artemia nauplii
To evaluate the effect of the bacterial strains on Artemia culture, 4 challenge tests were performed in triplicate under sterile conditions during 6 d. A total of 10 axenic nauplii instars (II) obtained from Artemia gnotobiotic culture, as described above, were transferred to sterile Falcon containers with 30 ml of FASW, together with the amount of feed scheduled for Day 1. All manipulations were carried out under a laminar flow hood and all necessary tools were previously autoclaved at 120°C for 20 min. Test 1 was Artemia with pathogenic bacteria Vibrio alginolyticus VA (A+VA), Test 2 was Artemia with beneficial and pathogenic bacteria: S1 and V. alginolyticus VA (A+ S1+VA). Test 3 was made with beneficial bacteria S2 and pathogenic bacteria strain V. alginolyticus VA (A+ S2+VA). Test 4 was Artemia with strain S3 and V. alginolyticus VA (A+ S3+VA). During challenge tests, beneficial bacteria S1, S2 and S3 were added during the first 3 d and the pathogenic bacterial strain was provided on Day 3 only. The V. alginolyticus (VA) strain used for comparative purposes was isolated from infected fish (Ben Kahla-Nakbi et al. 2006). Potential probiotic and pathogenic bacterial suspensions were added at a density of 10 7 CFU ml -1 and 10 6 CFU ml -1
, respectively. The concentration of each bacterial strain was estimated through a regression analysis of the optical density of the pure culture. The number of CFU ml -1 was determined using Petri plates with marine agar. The number of swimming larvae was determined daily and the survival percentage was calculated. At the beginning and the end of each run, the absence of bacteria was monitored by transferring larvae and 100 µl of water to Petri plates in triplicate with marine agar as described in Mahdhi et al. (2010a) .
Statistical analysis
Survival percentages were arcsine transformed to satisfy normal distribution and homoscedasticity requirements. Differences in survival of Artemia cultured under different conditions were investigated with ANOVA and Duncan's test. Correlation between cell surface hydrophobicity and semi quantitative adherence assay was assessed using multivariate ANOVA. All statistical analyses were carried out at α = 0.05, using the software Statistica (version 5.5).
RESULTS
Bacterial identification
Based on the results of the amplification of the 16s RNA gene of Bacillus sp., the 3 tested strains yielded a PCR product with an amplicon around 1114 bp long. These active probiotic bacterial isolates were subjected to the 16S rDNA sequence analysis. After comparison with previously available sequences in NCBI (National Center for Biotechnology Information) using BLAST (Basic Local Alignment Search Tool), they were identified as Bacillus sp. These sequences were deposited in GenBank under the accession numbers: HM117832 (S1); HM117833 (S2); HM117834 (S3).
Antagonism assay
The selected Bacillus strains had an antibacterial activity on Gram-positive and on Gram-negative bacteria with diameter of the inhibition zones ranging between 12 and 18.6 mm (Table 1) .
Slime production, adherence to polystyrene and hydrophobicity
The isolated strains were non-slime producers and were fairly adhesive to polystyrene with values rang-ing from 0.10 to 0.32 at 595 nm. The affinity to hexadecane (apolar solvent) was low, suggesting a hydrophilic character for the strain S1. Conversely, strains S2 and S3 were relatively hydrophobic (Table 2) .
Effect on Artemia culture
The tested strains were not pathogenic or toxic to Artemia nauplii; survival rate of Artemia in the control treatments sterile sea water (CSSW) and sterile marine broth (CSMB) were 76% and 86%, respectively. In treatments where Artemia nauplii were treated with probiont bacterial suspension (S1SW, S2SW and S3SW) and probiont culture supernatant (S1MB, S2MB and S3MB), survival rate ranged from 83% to 100%. There was no significant difference between those treatments and the controls (Fig. 1) .
Survival rate of Artemia larvae in treatment Artemia with pathogenic Vibrio alginolyticus VA (A+VA) was 0% at the end of treatment (Day 6) (Fig. 2) . In the presence of potential probionts (S1, S2 and S3), Artemia nauplii challenged with VA resulted in higher survival rate (90 to 100%) 1 d after addition of pathogenic bacteria (Day 4). However, at the end of the treatment (Day 6), survival rate ranged between 10 and 26%. Compared to treatment (A+VA), a significant difference was found for Strains S1 and S3. Table 2 . Qualitative and quantitative estimation of biofilm formation on polystyrene microtiter plates by slime-negative Bacillus strains. OD595 ≥ 1: highly adherent, 0.1 ≤ OD595 < 1: fairly adherent, OD595< 0.1: slightly adherent Fig. 1 . Artemia salina. Survival rate of Artemia nauplii after 24 h exposure to bacterial pellet and their culture supernatant (mean + SD). Controls were incubated in sterile seawater (CSSW) and sterile marine broth (CSMB). S1MB: culture supernatant of strain S1; S2MB: culture supernatant of strain S2; S3MB: culture supernatant of strain S3. S1SW: probiotic bacterial suspension of strain S1; S2SW: probiotic bacterial suspension of strain S2; S3SW: probiotic bacterial suspension of strain S3 
DISCUSSION
Our results indicate that Bacillus strains isolated from hypersaline en vironments have an inhibitory effect against the tested pathogenic bacteria and are able to enhance the protection of Artemia culture against patho gens. These findings can be explained by the antagonist ability of Bacillus strains to inhibit pathogenic bacteria, which can result from their artificial and temporary dominance when they are present in high concentrations. Also, the adhesive capacity of some microorganisms helps them to adhere to the intestinal tract and their effect on the digestive processes of aquatic animals can improve Artemia culture and protect against pathogens. Bacillus sp. are antagonistic against other microorganisms including fish and shellfish pathogenic bacteria (Gatesoupe 1999 , Zhou et al. 2009 , Deng-Yu et al. 2009 ), and significantly increase survival rate and some digestive enzyme activities in shrimp larvae (Zhou et al. 2009 ). The important role played by slime is further increased by its frequent association with reduced antibiotic susceptibility (Costerton et al. 1999) . These considerations explain the need for diagnostic methods which identify virulent bacterial strains by correctly detecting their ability to produce slime. In this study, all the tested strains were non-slime producers and were fairly adherent to polystyrene microplates. Adherence ability to abiotic surfaces helps Bacillus strains to remain in the bacterial flora of the gut for several days and to be active during intestinal transit and participate in digestive processes, and thus aids in the elimination of potential pathogens and creation of a healthy environment for Dicentrarchus labrax larvae (Larpent et al. 1994) . Selected probiotic bacteria, like Lactobacillus strains, have adhesive properties that enable them to inhibit and/or prevent the colonization of pathogens (Servin & Coconnier 2003) . Also, following adhesion to a surface, spores may germinate and vegetative cells may multiply. This can help this bacterium to compete with pathogens and ensure the necessary protection for the host (Zottola & Sasahara 1994) .
Pseudomonas stutzeri and Candida utilis are fairly adherent and can be used as probiotic candidates for Artemia culture (Mahdhi et al. 2010) . Microbial cell surface hydrophobicity is one of the determining factors in microbial adhesion to bioremediation surfaces, a phenomenon commonly observed in natural and engineering systems (Wang et al. 2005a) . It is generally accepted that hydrophobic interactions play an important role in the bioadhesion phenomenon. This finding can be explained by the significant correlation that we detected between the hydrophobicity of cells and the semi-quantitative adherence assay. Pathogenicity and toxicity assay show that the tested strains enhance Artemia nauplii resistance to pathogenic Vibrio. Marine Streptomyces strains and Aeromonas hydrophila also have a probiotic effect on the survival and growth of Artemia nauplii and are able to protect them from Vibrio sp. in culture (Das et al. 2010 , Gunasekara et al. 2010 ). Also, it is possible that when pathogenicity is suppressed or lost, other factors such as growth rate or attachment ability may influence the microflora to the benefit of its host (Gomez-Gil et al. 2002 , Liu et al. 2010 . Mahdhi et al. (2010b) , using mixture design have constructed a consortium of potential probiotic Bacillus strains able to protect gnotobiotic Artemia against pathogenic Vibrio. The same strategy was adopted by Avella et al. (2010) and demonstrated that the administration of a Bacillus probiotic mixture has a benefit for sea bream larvae in terms of stress response and growth.
In conclusion, the isolated bacterial strains are potential probiotic organisms in Artemia culture, and possibly for shellfish or fish larvae. Further studies, such as purification and characterization of antibacterial substances and extracellular products, would help to elucidate the mode of action of the beneficial effects of Bacillus strains. 
